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This talk

- Focus on high energy colliders.


- Mainly order of magnitude estimates and scaling.

Focus on broad classes of signals, not special 
models. (There is not a model much more 
compelling than this others.)


- Both the bare minimal requirement, and what’s 
needed for a more comprehensive program.

Many more detailed studies still needed to be done. 

I hope to give the impression of  the order of magnitude here. 



Where we are

- We have a good picture of the universe, including its 
basic content and the interactions. 


Standard Model of particle physics


Dark matter + dark energy


- However, we are missing the underlying principles of 
this picture. 



Many remaining puzzles

- Origin of the Electroweak scale.


- What is Dark Matter


- What is the origin of Flavor/CP


- Matter anti-matter asymmetry.


- Dark energy?


- …

We believe that going to higher energy (shorter distance) 
will give us answers.  



higher energy 
smaller distance

Amazing progresses made in the last 
century by marching towards higher 
energies (~12 orders of magnitudes). 
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We certainly should continue! 



Current status and next decade

- TeVs explored, coverage will improve at the HL-LHC (by about 50-100%).
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
 

 
 

Model
�
L dt[ab�1]

�
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L-

LH
C

H
E

-L
H

C
LE

-F
C

C
C

LI
C

15
00

C
LI

C
30

00
FC

C
-h

h

t̃1 t̃1, t̃1�t�̃0
1 3 14 m(�̃0

1)=01.7 TeV

t̃1 t̃1, t̃1�t�̃0
1/3 body 3 14 �m(t̃1, �̃0

1)� m(t)0.85 TeV

t̃1 t̃1, t̃1�c�̃0
1/4 body 3 14 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)0.95 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1, �̃

0
2 15 27 m(�̃0

1)=03.65 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 15 27 �m(t̃1, �̃0

1)� m(t) (*)1.8 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 15 27 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)2.0 TeV

t̃1 t̃1, t̃1�t�̃0
1 15 37.5 m(�̃0

1)=0 (**)4.6 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 15 37.5 m(�̃0

1) up to 3.5 TeV (**)4.1 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 15 37.5 �m(t̃1, �̃0

1)� 5 GeV, monojet (**)2.2 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 m(�̃0

1)=00.75 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 �m(t̃1, �̃0

1)� m(t)0.75 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 �m(t̃1, �̃0

1)� 50 GeV(0.75 - �) TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 m(�̃0

1)�350 GeV1.5 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 �m(t̃1, �̃0

1)� m(t)1.5 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 �m(t̃1, �̃0

1)� 50 GeV(1.5 - �) TeV

t̃1 t̃1, t̃1�t�̃0
1 30 100 m(�̃0

1)=010.8 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 30 100 m(�̃0

1) up to 4 TeV10.0 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 30 100 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10�1 1

All Colliders: Top squark projections
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(**) extrapolated from FCC-hh prospects
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-



The next frontier

LEP, Tevatron, LHC covered from weak scale to TeVTeV

10 TeV Our next goalpost should be 10(s) of TeV.



What could be there?

- Naturalness

TeV

10 TeV

For decades, we hope naturalness should give

us new physics below or around TeV scale. 


Could still be there, just harder to discover. 

Gaps/difficult spots in searches: twin Higgs, …



What could be there?

- Naturalness

TeV

10 TeV

For decades, we hope naturalness should give

us new physics below or around TeV scale. 


Could still be there, just harder to discover. 

Gaps/difficult spots in searches: twin Higgs, …

Plausible scenarios have emerged for new 
physics to be here. 

mini-split SUSY, meso-tuned, …


Also possible that first hint at TeV, but more 
interesting dynamics here. 

Compositeness, … 


Higher rates, helps cover difficult spots in TeV 
searches.



What could be there?

- Dark Matter

10 TeV
Model Therm. 5σ discovery coverage (TeV)

(color, n, Y ) target mono-γ mono-µ di-µ’s disp. tracks
(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8− 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13− 14

(1,3,ϵ) Dirac 2.0 TeV 0.9 4.6 — 13− 14

(1,5,0) Majorana 14 TeV 3.1 7.0 3.1 10− 14

(1,5,ϵ) Dirac 6.6 TeV 6.9 7.8 4.2 11− 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1− 12

(1,7,ϵ) Dirac 16 TeV 13 9.2 7.4 8.6− 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5σ discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2σ and 5σ reaches, and
different collider parameter choices, including

√
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 15, Figure 16, and in the appendix.

signals to be investigated in this paper. We will, however, adopt the notation (1, n = 2T+1, ϵ)

to label a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.
For an even-dimensional n-plet, setting Y = (n − 1)/2 ensures the lightest eigenstate of

the EW multiplet to be neutral.1 In the minimal case, the limits from direct detection rule out
all cases with Y ̸= 0.2 Hence, to make the even-dimensional multiplet a viable scenario, we
could go beyond the minimality and introduce another state which mixes with the multiplet
after EW symmetry breaking and generates a small Majorana mass splitting between the
neutral Dirac fermion pair [20]. It is also possible to have such a splitting, while the EW loop
corrections still dominate the mass splitting between the neutral and the charged members
of the multiplet. For example, if a dimension-5 operator generates a mass splitting after
integrating out the new physics with a mass scale M , we have ∆m ∝ v2/M . Requiring this
to be smaller than the loop contributions and yet large enough to protect against the direct
detection bounds puts M ∼ (10–1000) TeV. Whether such additional new physics can also be
probed at a high-energy muon collider is a model-dependent question that we will not pursue
further. For the rest of our analyses, we will present the EW doublet (Higgsino) results while
implicitly making the assumptions above. It is the smallest even-dimensional multiplet and
also present in SUSY. The results for higher even-n multiplets are included in the appendix.
The main features of the collider signals in these cases are similar to those odd-dimensional
multiplets discussed in detail in this paper.

In principle, both real and complex scalar EW multiplets can contain viable dark matter
1For smaller values of Y for the even n-plet, one might need to rely on some additional splitting generating

mechanisms to change the lightest state being charged to neutral for n ≥ 4. For a more detailed discussion on
the splittings and hyper-charges, see subsection 3.4.

2The only exception is the case with tiny hyper-charge discussed above.
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Simplest WIMP dark matter models: 

dark matter part of a EW multiplet

TeV
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- Flavor, CP. 

TeV

10 TeV

Without symmetries, limits already at > 100s TeV



What could be there?

- Flavor, CP. 

TeV

10 TeV

Without symmetries, limits already at > 100s TeV

Many scenarios with new flavor physics at 10s TeV.

Partial compositeness, some flavor symmetries… 



How to get there

- Two possible routes


Lepton: e+e-, μ+ μ- 


γγ similar, but somewhat narrower physics program.


Hadron, pp. 


- Two approaches

Direct production of new physics particles. 


Precision measurement. Can be sensitive to even 
higher energy scales. 



Lepton collider

e+e-, µ+ µ-



Recent proposals

500 GeV 

250 Higgs factories

Physics cases have been studied.

Tera Z

1 TeV

3 TeV

WW

ttbar } circular

} linear



Recent proposals

500 GeV 

250 Higgs factories

Physics cases have been studied.

Tera Z

1 TeV

3 TeV

WW

ttbar } circular

} linear

Beyond this, higher energies? muon collider? γγ?…

What is needed? 



Direct production
For letpon colliders: MNP ∼ ECM

in principle no parton distribution suppression, 

can produce new physics with mass up to beam energy.



Direct production

σ ∼ πα2
W

1
E2

CM
, αW ∼ 10−2

Signal = ℒ ⋅ σ, ℒ : luminosity

For letpon colliders: MNP ∼ ECM

Fixing signal strength:  → ℒ ∝ E2
CM

in principle no parton distribution suppression, 

can produce new physics with mass up to beam energy.

New physics production cross section:



Direct production

σ ∼ πα2
W

1
E2

CM
, αW ∼ 10−2

Signal = ℒ ⋅ σ, ℒ : luminosity

For letpon colliders: MNP ∼ ECM

Fixing signal strength:  → ℒ ∝ E2
CM

in principle no parton distribution suppression, 

can produce new physics with mass up to beam energy.

New physics production cross section:

For higher energies, maybe we just take LEP luminosity and scale up?



More careful consideration

- Discoveries are simpler in general at lepton colliders. 

New physics give energetic final states.


Low background (comparable to signal). 


May need only O(10s) signal events. 

Different from the need to produce thousands and 
millions particles (such as Z boson at LEP) to study 
them in detail. 


- Of course, there are also difficult scenarios to cover. 



Top partner search.

18

The case for direct searches

EW pair-produced particles up to kinematical threshold

Striking for 10+TeV 
High-energy physics probed with much smaller collider energy

Figure 1: Number of EW pair-production events, computed with MadGraph [12], using the E↵ective
Photon Approximation for the calculation of the neutral VBF production cross-section. Namely, neutral
VBF is evaluated as the sum of the 4 subprocess initiated by l+l�, l+�, �l�, and ��, with a

p
�Q2 >

30 GeV cut on the virtual photons and the correspondingQmax = 30 GeV cuto↵ in the photon distribution
function. The photon distribution function is the one for muons. The neutral VBF cross-section would
thus be larger than what shown in the figure at the e+e� VHEL because of the smaller electron mass.

models [9]. We see that the statistics is su�cient to discover all particles up around the collider
mass-threshold Ecm/2, provided they decay to energetic and easily detectable SM particles. By
comparing with the reach projections of other future collider projects (see [10]), this simple
plot is su�cient to qualify as striking the direct discovery potential of the VHEL, especially
for Ecm � 14 TeV. On the other hand, detailed detector-level studies including BIB mitigation
strategies are compulsory to assess the observability of BSM particles decaying to soft objects
(because of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the

Higgsino/Wino (eh/fW ) Minimal Dark Matter candidates. The possibility of observing these
candidates indirectly through their radiative e↵ects, bypassing all this kind of complications,
has been studied in Ref. [11]. The reach of mono-photon searches has been also studied [7].

The VHEL potential for indirect new physics discoveries is equally or perhaps even more
striking that the direct one, but it is slightly less trivial to assess and to illustrate. The present
paper aims at outlining the elements for this assessment, based on selected sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first one is
that indirect e↵ects of heavy new physics e↵ects are generically more pronounced on processes
that take place at higher energy, i.e. closer to the new physics scale. In the E↵ective Field
Theory (EFT) description this is merely the observation that the corrections from operators of
dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in
eq. (1) generically allows for measurements of 2 ! 2 short-distance electroweak scattering pro-
cesses with percent or few-percent (i.e., moderate) precision. Still, a dimension-6 EFT operator
displaying quadratic energy growth, inducing relative corrections to the SM of order E2

cm/⇤
2,

could be probed at the VHEL with Ecm � 10 TeV for an e↵ective interaction scale ⇤ in the
ballpark of 100 TeV. On a process occurring at the EW scale, of 100 GeV, ⇤ ⇠ 100 TeV would
instead contribute as an unobservable O(10�6) relative correction. The power of precision probes
based on high-energy cross-section measurements has been outlined extensively in the context
of CLIC studies [13]. They make, for instance, the highest energy stage of CLIC comparable
or superior to the other future colliders project on physics targets such as Higgs and Top com-
positeness [10]. By rescaling the highest CLIC available energy, of 3 TeV, to the lowest VHEL
energy of 10 TeV, we immediately conclude that the VHEL performances are expected to be
vastly superior to those of any other project currently under discussion.
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Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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Positron Linac

µ+
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Positron
Ring

AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
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Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where
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A benchmark for muon collider

pair production

Good production rate up to : 2M ∼ ECM



Top partner search.

18

The case for direct searches

EW pair-produced particles up to kinematical threshold

Striking for 10+TeV 
High-energy physics probed with much smaller collider energy

Figure 1: Number of EW pair-production events, computed with MadGraph [12], using the E↵ective
Photon Approximation for the calculation of the neutral VBF production cross-section. Namely, neutral
VBF is evaluated as the sum of the 4 subprocess initiated by l+l�, l+�, �l�, and ��, with a

p
�Q2 >

30 GeV cut on the virtual photons and the correspondingQmax = 30 GeV cuto↵ in the photon distribution
function. The photon distribution function is the one for muons. The neutral VBF cross-section would
thus be larger than what shown in the figure at the e+e� VHEL because of the smaller electron mass.

models [9]. We see that the statistics is su�cient to discover all particles up around the collider
mass-threshold Ecm/2, provided they decay to energetic and easily detectable SM particles. By
comparing with the reach projections of other future collider projects (see [10]), this simple
plot is su�cient to qualify as striking the direct discovery potential of the VHEL, especially
for Ecm � 14 TeV. On the other hand, detailed detector-level studies including BIB mitigation
strategies are compulsory to assess the observability of BSM particles decaying to soft objects
(because of, e.g., a compressed spectrum), or displaying disappearing tracks signatures like the

Higgsino/Wino (eh/fW ) Minimal Dark Matter candidates. The possibility of observing these
candidates indirectly through their radiative e↵ects, bypassing all this kind of complications,
has been studied in Ref. [11]. The reach of mono-photon searches has been also studied [7].

The VHEL potential for indirect new physics discoveries is equally or perhaps even more
striking that the direct one, but it is slightly less trivial to assess and to illustrate. The present
paper aims at outlining the elements for this assessment, based on selected sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first one is
that indirect e↵ects of heavy new physics e↵ects are generically more pronounced on processes
that take place at higher energy, i.e. closer to the new physics scale. In the E↵ective Field
Theory (EFT) description this is merely the observation that the corrections from operators of
dimension larger than 4 can grow polynomially with the energy. The luminosity benchmark in
eq. (1) generically allows for measurements of 2 ! 2 short-distance electroweak scattering pro-
cesses with percent or few-percent (i.e., moderate) precision. Still, a dimension-6 EFT operator
displaying quadratic energy growth, inducing relative corrections to the SM of order E2

cm/⇤
2,

could be probed at the VHEL with Ecm � 10 TeV for an e↵ective interaction scale ⇤ in the
ballpark of 100 TeV. On a process occurring at the EW scale, of 100 GeV, ⇤ ⇠ 100 TeV would
instead contribute as an unobservable O(10�6) relative correction. The power of precision probes
based on high-energy cross-section measurements has been outlined extensively in the context
of CLIC studies [13]. They make, for instance, the highest energy stage of CLIC comparable
or superior to the other future colliders project on physics targets such as Higgs and Top com-
positeness [10]. By rescaling the highest CLIC available energy, of 3 TeV, to the lowest VHEL
energy of 10 TeV, we immediately conclude that the VHEL performances are expected to be
vastly superior to those of any other project currently under discussion.
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Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

Can have > 105  events

A benchmark for muon collider

However, for 5 TeV T’ with 

T′� → tZ, th, bW

10s signal events (L=1032 cm-2 s-1) 

should be enough.

pair production

Good production rate up to : 2M ∼ ECM



Harder case, dark matter

DM

DM

soft particles, and/or 

displaced/disappearing, tracks.

γ,  jet...
ℓ+

ℓ−

Most energy goes into making the heavy dark matter particle.

The remaining objects, such as photon, jet, soft. 

Large background!  More difficult.



Harder case, dark matter
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Figure 16: Summary of the exclusion (upper panel) and discovery (lower panel) reaches of
various muon collider running scenarios. The thick bars represent the combined reach from
missing mass searches through mono-photon, mono-muon, and VBF di-muon channels. The
thin and faint bars represent our estimates of the mono-photon plus one disappearing track
search. The burgundy vertical bars represent the thermal target for a given EW-multiplet
model.

thermal relic abundance is saturated by the EW multiplets DM under consideration. When
combining the inclusive (missing mass) channels, the overall reach is less than the kinematical
limit mχ ∼

√
s/2, especially for EW multiplets with n ≤ 3 due to the low signal-to-background
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1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:
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⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes

Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS

Cooling

µ+

6D
 C

oo
lin

g

6D
 C

oo
lin

g

Fi
na

l C
oo

lin
g

Bu
nc

h
M

er
ge

µ−

µ+ µ−

ECoM:

Higgs Factory
to

~10 TeV

In
iti

al
 6

D
 C

oo
lin

g

Ch
ar

ge
 S

ep
ar

at
or

Bu
nc

he
r

Ph
as

e 
Ro

ta
to

r

Ca
pt

ur
e 

So
l.

M
W

-C
la

ss
 T

ar
ge

t

D
ec

ay
 C

ha
nn

el

Front End

SC
 L

in
ac

Ac
cu

m
ul

at
or

Bu
nc

he
r

Co
m

bi
ne

r

Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS

µ+ µ−

ECoM:

10s of TeV

10
0 

KW
 

ta
rg

et

Is
oc

hr
on

ou
s 

Ri
ng

s

Positron Linac

Positron Linac

µ+

µ−

Positron
Ring

AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where
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Really need the large luminosity to get there. 

assumed luminosity: 



Dark matter: E vs L, some trade off 

Some examples 

doublet:  10 ab-1  at 10 TeV or 3 ab-1  at 20 TeV

Dirac triplet: < 0.1 ab-1  at 6 TeV 

Majorana 5-plet:  100 ab-1  at 30 TeV or 1 ab-1  at 100 TeV

Dirac 7-plet: 100 ab-1 at 40 TeV or 10 ab-1 at 50 TeV

Disappearing track searches
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Minimal and optimal scenarios

Minimal scenario: can produce at least 10 signal event 
for weak scale cross section. Can do “basic” new physics 
searches and cover interesting scenarios.  

Bare minimum. Will miss some important physics. Maybe only a good 
starting point. 

Optimal scenario: can cover as many difficult cases as 
possible, such as the dark matter searches.


Some choices needed here, but the basic wishlist is quite commonly 
accepted.



Lepton collider luminosities
- For both muon and electron

minimal

optimal
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Based on electroweak cross section. 

Bands represent O(10) variation in signal rate
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1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:
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⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.
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Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

minimal ∼ 10−4 ×  optimal

run time  = 108 s

Both scales as ℒ ∝ E2
CM ,



Even higher energies
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Intermediate energy range 1-10 TeV
8.3. SUPERSYMMETRY 123
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).

LHC upcoming runs, next 15-20 years
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Figure 1-28. Estimated reach of LHC for 300/fb and 3000/fb for mSUGRA model.

Community Planning Study: Snowmass 2013 50+% gain on the reach. 
A big step forward.

For particles without strong interaction, HL-LHC barely 
covers up to TeV, with gaps in parameter space 

Lepton collider can cover up to ECM very well. 

Lepton collider below 10 TeV can still improve a lot 
beyond the LHC. 



Precision measurements

- Maybe the new physics scale is above ECM.


- The NP effect can be parameterized by EFT 
operators


- Can only probe through precision measurements.


- Naturally, can be a later part of the physics 
program.   

1
Λ2

𝒪(6),
1

Λ4
𝒪(8), . . . Λ ∼ scale of new physics



Precision measurement

Deviation from SM coupling δ ∼ c
m2

W

Λ2
, c ∼ 𝒪(1)

LHC: δ ∼ a few % → Λ ∼  TeV

δ ∼ 𝒪(10−3) (per mil) needed to reach up to Λ ∼ 10 TeV

Statistics limited: δ ∝
1

ℒ1/2

Higgs coupling measurement needs 106 Higgs at proposed 
Higgs factories



Energy = precision

(δσ/σ)higher E ∼
E2

Λ2
, δσ deviation due to 𝒪(6)

Effect of new physics larger at higher energy scales

Don’t need to do as precise a measurement if we can 
measure the process at higher energies.

1
Λ2

𝒪(6),
1

Λ4
𝒪(8), . . .

For heavy new physics parameterized by



Energy = precision

(δσ/σ)ee ∼
m2

W

Λ2
∼ (10−3)exp

At 250 GeV Higgs factories with 106 events 

(δσ/σ)higher E ∼
E2

Λ2

For example:



Energy = precision

(δσ/σ)ee ∼
m2

W

Λ2
∼ (10−3)exp

At 250 GeV Higgs factories with 106 events 

(δσ/σ)higher E ∼
E2

Λ2

For example:

∼
E2

m2
W

× 10−3 accuracy to reach the same scale

Measuring at energy E, we need 



Energy = precision

(δσ/σ)ee ∼
m2

W

Λ2
∼ (10−3)exp

At 250 GeV Higgs factories with 106 events 

(δσ/σ)higher E ∼
E2

Λ2

For example:

∼
E2

m2
W

× 10−3 accuracy to reach the same scale

For example, E = 1 TeV, need an accuracy of 10 %
→ ∼ 100 events will do.

Measuring at energy E, we need 



Luminosity need for precision

Λ=100 TeV

Λ=30 TeV

Λ= 3×ECM

Λ= 10×ECM
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Minimally, we hope to reach new physics scale Λ ≈ 3 ECM

Optimally, we would like to reach new physics scale Λ ≈ 10 ECM


Also cover potential difficult cases. 



Lepton collider summary

minimal

optimal
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Luminosity
cm-2 s-1 1.5 TeV 3 TeV 6 TeV 10 TeV 14 TeV 30 TeV 100 TeV

Direct search
minimal

3x1029 1030 5x1030 2x1031 5x1031 2x1032 2x1033

Direct search
optimal

3x1033 1034 5x1034 2x1035 5x1035 2x1036 2x1037

Precision
minimal

3x1030 8x1031 2x1033 1034 5x1034 1036 2x1037

Precision
optimal

7x1032 1034 2x1035 2x1036 5x1036 1038 2x1039

Λ=100 TeV

Λ=30 TeV

Λ= 3×ECM

Λ= 10×ECM
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Hadron colliders



LHC and recent proposals

100 TeV, a “standard” benchmark.  FCC-hh, SppC

LHC

27 (HE-LHC), 37 (LE-FCC)

Physics case for 27, 37, and 100 TeV have been studied.
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} A goal post beyond 100 TeV?
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However, most of the gain come much earlier. Lower luminosity 
can do a lot already. 



Physics program at hadron collider

Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 6 ⇥ 106 sec). The left (right) plot shows the mass increase for a (qq̄) resonance
with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.
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Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
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Examples: 

3.9 Comparing Colliders

The multi-jet plus Emiss

T signature of the gluino-neutralino model with light flavor decays provides
a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the E

miss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.

8

Precision measurement
becomes possible

Hinchliffe, Kotwal, Mangano, Quigg, LTW, 1504.06108

� � � � � ���

��

��

��

��

����

��
���
��
�
��
��
��
��

��� ���
��� ���
��� ���

���� = �� × ���� ��-��-�

�× ����
��× ����

M. Low



Energy = precision

(δσ/σ)ee ∼
m2

W

Λ2
∼ (10−3)expAt FCC-ee/CEPC/ILC

At hadron collider (δσ/σ)had ∼
E2

Λ2

E = parton energy ≈ 0.1 ECM

Λ ∼ 0.1 × ECM × (δσ/σ)−1/2
exp.errorCan probe:

Effects larger at higher energies!

(δσ/σ)exp.error ∼ 10 % , Λ ∼ 30 TeV with ECM = 100 TeVFor example:



Energy = precision

(δσ/σ)ee ∼
m2

W

Λ2
∼ (10−3)expAt FCC-ee/CEPC/ILC

At hadron collider (δσ/σ)had ∼
E2

Λ2

E = parton energy ≈ 0.1 ECM

Λ ∼ 0.1 × ECM × (δσ/σ)−1/2
exp.errorCan probe:

Effects larger at higher energies!

(δσ/σ)exp.error ∼ 10 % , Λ ∼ 30 TeV with ECM = 100 TeVFor example:

At the same time, the error at hadron colliders typically dominated by 
systematics, less direct dependence on luminosity.  

Based on available studies, 10-30 ab-1  seems to do an adequate job.
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Example: Naturalness
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Comparing with 100 TeV, gaining a factor of 4(25) at 200(500) TeV pp
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Hadron vs lepton (intuition)

- Higher energy.


- Messier, noisier. 


- Probing more interactions. 
Stronger if NP has 
strong interaction. 

- Lower energy.


- Cleaner environment, 
better sensitivity, 
precision.


- Stronger for electroweak 
states.


pp collider lepton collider
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- Messier, noisier. 


- Probing more interactions. 
Stronger if NP has 
strong interaction. 

- Lower energy.


- Cleaner environment, 
better sensitivity, 
precision.


- Stronger for electroweak 
states.


However, this comparison really depends on what is achievable.  

pp collider lepton collider



Hadron vs lepton

We “know” how to make hadron colliders. 


But, we also need it to be at much (O(10)) higher ECM. 

What is our best route to (super) high energies?

Annihilation: Muons vs. Protons
gg

qq

�=1

�=10

�=100

0 10 20 30 40 50 60 70 80 90 100

100

200

300

400

500

s� [TeV]

s p
[T
eV

]

gg

qq

�=1

�=10

�=100

0 10 20 30 40 50 60 70 80 90 100

200

400

600

800

1000

1200

1400

1600

s� [TeV]

s p
[T
eV

]

2-to-1 production 2-to-2 production

Bands are NNPDF3.0 LO vs. CT18NNLO 

Comparison favorable to MC in that  for 2-to-1 and  for 2-to-2̂s = sμ = M2 ̂s = sμ = 4M2

[ SG]μ [ SG]μ

1 Introduction

Goal: convey qualitative lessons about physics of high-energy muon colliders, strengths
and weaknesses compared to other proposals. Articulate purpose of the paper, which is to
illustrate how to think about muon colliders, identify energies and luminosities that make
such colliders compelling, pinpoint processes for further study.

1. History/context

2. Muon collider as an all-in-one machine (eroding the energy/precision dichotomy)

3. Muon collider as an electroweak boson collider

4. Production modes: s-channel, VBF, brem, loops

5. Comparison with other machines: equivalent pp energies for various quantum numbers
and production modes, more detailed than Maltoni [Nathaniel]

6. Experimental considerations [Chris/Isobel]

Figure 1: The center of mass energy
p
sp in TeV at a proton-proton collider giving the

equivalent cross section as a muon collider operating at the center of mass energy
p
sµ.

Curves correspond to gg (orange) or qq̄ (blue) production at the proton-proton collider and
µ
+
µ
� production at the muon collider, with partonic cross sections related by � ⌘ [�̂]p/[�̂]µ.

The bands correspond to two di↵erent choices of PDF set, NNPDF3.0 LO (as in [?]) and
CT18NNLO. Left: 2 ! 1 scattering. Right: 2 ! 2 scattering.

A useful benchmarking exercise is to compare the center-of-mass energies for which muon
and proton colliders have equivalent cross sections [?, ?]. To make the comparison, we work
in terms of generalized parton luminosities, in terms of which the inclusive cross section for
the final state F (with unspecified remnants X) arising in collisions of (possibly composite)
particles A and B takes the form

�(AB ! F +X) =

Z 1

⌧0

d⌧

X

ij

dLij

d⌧
�̂(ij ! F ) (1)

4



Conclusion: Lepton collider
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A bare minimal scenario with much less lumi  can already 
do some interesting searches.

Beyond the proposed Higgs factories, high energy lepton 
colliders from TeV to 10s TeV extremely interesting!



Conclusion: Lepton collider

Luminosity
cm-2 s-1

1.5 TeV 3 TeV 6 TeV 10 TeV 14 TeV 30 TeV 100 TeV

Direct search
minimal

3x1029 1030 5x1030 2x1031 5x1031 2x1032 2x1033

Direct search
optimal

3x1033 1034 5x1034 2x1035 5x1035 2x1036 2x1037

Precision
minimal

3x1030 8x1031 2x1033 1034 5x1034 1036 2x1037

Precision
optimal

7x1032 1034 2x1035 2x1036 5x1036 1038 2x1039

Upgrades towards optimal scenarios highly desired, covering 
interesting cases such as dark matter, and allow precision 
measurements to reach its full potential. 

A bare minimal scenario with much less lumi  can already do 
some interesting searches.



 Conclusion: hadron collider

100 TeV, a “standard” benchmark.  FCC-hh, SppC

LHC

200

500

higher?

To understand the physics potential,

good to have a benchmark > 100 TeV.


Ideally, >> 100 TeV. 
}



 Conclusion: hadron collider

100 TeV, a “standard” benchmark.  FCC-hh, SppC

LHC

200

500

higher?

To understand the physics potential,

good to have a benchmark > 100 TeV.


Ideally, >> 100 TeV. 
}

Luminosity at HL-LHC level can already have interesting sensitivity.


Higher luminosity at 1035-1036  cm-2 s-1 can realize full physics potential. 
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Probing neutral naturalness

20 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Figure 7. Blue contours show �3/�SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘
1

6

d3
�
V0(h) + V CW

0 (h)
�

dh3

�����
h=v

=
m2

h

2v
+

�3
HS

v3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and tt̄h production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

ab�1 [87–91]. The accuracy can be refined to 20% and 8% for a 33 TeV and 100 TeV collider with 3
ab�1, respectively [91].

The precision attainable for measuring �3 at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �3 with a precision of 13% [92, 93].
The results of these studies imply that while it is unlikely a definitive exclusion will be achieved

at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step phase transition region
of Fig. 7 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [94,
95]

��Zh =
1

2

|�HS |
2v2

16⇡2m2
h

[1 + F (⌧�)] (5.2)
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Figure 1.16 Left: Shift in triple Higgs coupling. Right: Percentage shift in the Zh coupling.

where x = m2
h
/(4m2

S
). In much of the region with a strong first-order phase transition, this is within579

reach of the CEPC, though it can be as small as .1%, shown in the right panel of Fig. 1.16. This is at the580

absolute edge of CEPC sensitivity.
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Figure 1.17 Rate of process pp ! SS ! hhhh at the LHC and SppC.

581

We conclude that, even in this very worst case scenario, the SppC allows us to probe the physics582

giving us a first-order phase transition, and in much of the relevant parameter space, the CEPC should583

see hints of deviations in the Higgs couplings. Needless to say, even small modifications from this worst-584

case scenario can make detection much easier. For instance, if the Z2 symmetry is broken by an even585

tiny amount so that a > 10�10, then S will decay as S ! hh inside the detector. Direct S production586

will be much easier to see, giving a spectacular signal pp ! SS ! hhhh. This should allow the SppC587

to cover the allowed range of mS up to 1 TeV. While a detailed study is left for future work, an estimate588

of the reach for producing 100 events is shown in Fig. 1.17. Note that while at fixed mass, the SppC589

cross-section is ⇠ 100 times larger than at the LHC, the mass reach is ⇠ 2.5 times greater, compared to590

the typical factor of ⇠ 5 we are accustomed to. This is because both the production and decay vertices591

of the off-shell Higgs are suppressed by factors of (v/E) at high-energies, and the cross-section scales592
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

Extrapolating to higher energies more difficult. 

We should expect a factor of a few improvement. 
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Dark matter reach
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

100 TeV pp collider is needed 

to cover the EW doublet (Higgsino) and triplet (wino) DM. 
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Some Future Hadron collider proposals 

24
Future Circular Collider Study
Michael Benedikt
FCCW 2019, 24 June 2019, Brussels

ESG request for parameters of a 
lower-energy hadron collider

parameter FCC-hh FCC-
hh-6T HE-LHC HL-

LHC LHC

collision energy cms [TeV] 100 37.5 27 14 14
dipole field [T] 16 6 16 8.33 8.33
beam current [A] 0.5 0.6 1.1 1.1 0.58

synchr. rad. power/ring [kW] 2400 57 101 7.3 3.6
peak luminosity [1034 cm-2s-1] 5 30 10 (lev.) 16 5 (lev.) 1
events/bunch crossing 170 1000 ~300 460 132 27
stored energy/beam [GJ] 8.4 3.75 1.4 0.7 0.36

• NbTi technology from LHC, magnet with single-layer coil providing 6 T at 1.9 K:
Æ Corresponding beam energy 18.75 TeV or 37.5 TeV c.m.
Æ Significant reduction of synchrotron radiation wrt FCC-hh (factor 50) and corresponding 

cryogenic system requirements.
• Luminosity goal 10 ab-1 over 20 years or 0.5 ab-1 annual luminosity:

Æ Beam current 0.6 A or 20% higher than for FCC-hh, 1.2E11 ppb (FCC-hh: 1.0 ppb).
Æ Stored beam energy 3.75 GJ vs 8.4 GJ for FCC-hh.

• Analysis of physics potential, technology requirements and cost  ongoing.

M. Benedikt and F. Zimmermann, FCC week
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target luminosity HL-LHC: 3 ab-1 ,  HE-LHC and FCC-hh: 20-30 ab-1

Future Hadron colliders 



10.1. PRESENT STATE OF ACCELERATOR TECHNOLOGY FOR HEP 163

Table 10.1: Summary of the future colliders considered in this report. The number of detectors
given is the number of detectors running concurrently, and only counting those relevant to the
entire Higgs physics programme. The instantaneous luminosity per detector and the integrated
luminosity provided are those used in the individual reports. For e+e� colliders the integrated
luminosity corresponds to the sum of those recorded by all the detectors. For HL-LHC this is
also the case, while for HE-LHC and FCC-hh it corresponds to 75% of that. The values forp

s are approximate, e.g. when a scan is proposed as part of the programme this is included
in the closest value (most relevant for the Z, W and t programme). For the polarisation, the
values given correspond to the electron and positron beam, respectively. For HL-LHC, HE-
LHC, FCC, CLIC and LHeC the instantaneous and integrated luminosity values are taken from
Ref. [636]. For these colliders, the operation time per year, listed in the penultimate column,
is assumed to be 1.2 ⇥ 107 s, based on CERN experience [636] (this is reduced by a margin of
10–18% in the projections presented for physics results from FCC-ee). CEPC (ILC) assumes
1.3 ⇥ 107 (1.6 ⇥ 107) s for the annual integrated luminosity calculation. When two values for
the instantaneous luminosity are given these are before and after a luminosity upgrade planned.
Abbreviations are used in this report for the various stages of the programmes, by adding the
energy (in GeV) as a subscript, e.g. CLIC380; when the entire programme is discussed, the
highest energy value label is used, e.g. CLIC3000; this is always inclusive, i.e. includes the
results of the lower-energy versions of that collider. Also given are the shutdowns (SDs) needed
between energy stages of the machine; SDs planned during a run at a given energy are included
in the respective energy line.

Collider Type
p

s P [%] NDet Linst/Det. L Time Ref.
[e�/e+] [1034cm�2s�1] [ab�1] [years]

HL-LHC pp 14 TeV – 2 5 6.0 12 [23]
HE-LHC pp 27 TeV – 2 16 15.0 20 [23]
FCC-hh pp 100 TeV – 2 30 30.0 25 [637]
FCC-ee ee MZ 0/0 2 100/200 150 4 [637]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3

2mtop 0/0 2 0.8/1.4 1.5 5
(1y SD before 2mtop run) (+1)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [342]
350 GeV ±80/±30 1 1.6 0.2 1 [346]
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5

(1y SD after 250 GeV run) (+1)
CEPC ee MZ 0/0 2 17/32 16 2 [509]

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [638]
1.5 TeV ±80/0 1 3.7 2.5 7
3.0 TeV ±80/0 1 6.0 5.0 8

(2y SDs between energy stages) (+4)
LHeC ep 1.3 TeV – 1 0.8 1.0 15 [636]
HE-LHeC ep 1.8 TeV – 1 1.5 2.0 20 [637]
FCC-eh ep 3.5 TeV – 1 1.5 2.0 25 [637]



Why hadron collider?

Highest energies achieved in the lab.

Offers a first direct glance at shortest distances.

HE-LHC

FCC-hh/SppC


